Abstract Many studies have observed changes in the frequency and intensity of precipitation extremes and floods during the last decade(s). Natural variability by climate oscillations partly determines the observed evolution of precipitation extremes. Based on a technique for the identification and analysis of changes in extremes, this paper shows that precipitation extremes have oscillatory behaviour at multidecadal time scales. The analysis is based on a unique dataset of 108 years of 10-minute precipitation intensities at Uccle (Brussels), not affected by instrumental changes. We also checked the consistency of the findings with long precipitation records at 724 stations across Europe and the Middle East. The past 100 years show for northwestern Europe, both in winter and summer, larger and more precipitation extremes around the 1910s, 1950-1960s, and more recently during the 1990s-2000s. The oscillations for southwestern Europe are anti-correlated with these of northwestern Europe, thus with oscillation highs in the 1930-1940s and 1970s. The precipitation oscillation peaks are explained by persistence in atmospheric circulation patterns over the North Atlantic during periods of 10 to 15 years.
1 Introduction multidecadal time scales. The multidecadal oscillations have been reported by several authors based on series of global surface air temperature (Folland et al. 1984; Schlesinger and Ramankutty 1994) , paleo-climate data from ice and sediment cores, corals and tree rings (Mann et al. 1995; Fischer and Mieding 2005) , sea level pressure (SLP), surface air pressure (SAP) and atmospheric circulation (Goldenberg et al. 2001) , sea surface temperature (SST) (Grosfeld et al. 2007; Kerr 2000; Delworth and Mann 2000) and annual precipitation depths (Faure and Gac 1981) . The patterns for precipitation extremes, however, have not been studied to the same detail, or results were so far less clear (Enfield et al. 2001) .
In Ntegeka and Willems (2008) , we analyzed these patterns (both the recent trends and the multidecadal oscillations) in a unique 10-minute series of precipitation intensities, recorded by the Royal Meteorological Institute of Belgium at Uccle (Brussels), since 1898. This was done by means of a technique identifying anomalies in extreme quantiles. The same method is applied in this paper for further investigation on these oscillations, for checking the consistency with other long-term series of precipitation in Europe, with other climate and ocean datasets and with indicators of large scale atmospheric circulation in the North Atlantic region.
Methods

Analysis of extreme anomalies
The anomalies in extremes are based on independent extremes extracted from the historical series. After ranking, these extremes correspond to quantiles (extremes for given empirical probabilities of being exceeded or for given mean recurrence intervals). The empirical probabilities or mean recurrence intervals are computed based on all extremes extracted from for the full available series and based on subsets of extremes in subperiods of 5 to 15 years length. Quantiles in a subperiod are compared with the corresponding quantiles derived from the full series. The relative difference between the subperiod based quantile and the corresponding full period based quantile is computed for all quantiles above a specific threshold. This threshold (above which the values are considered "extreme") corresponds to a specific frequency of occurrence in time or a specific mean recurrence interval. For this study, subperiods of 5 to 15 years have been considered and the analysis was made based on the four climatological seasons. For time scales higher than the time step of the series, the anomalies are calculated from the aggregated series. For instance for the Uccle series of 10-minute precipitation intensities, aggregation times considered were 10 min, 1 h, 1 day, 1 week and 1 month (using a moving average procedure with a moving step of 10 min). Because changes in extreme precipitation quantiles might be explained by both changes in the number of extreme precipitation events and changes in the precipitation intensity per event, anomalies were derived for each of these variables.
More specifically, from a series with given time step (e.g. 10 min, monthly) and length of L years, extremes are extracted using independence criteria. These define that precipitation extremes are independent, or approximately independent, when they are separated by a time span of at least 12 h for aggregation times of 12 h or lower. For aggregation times higher than 12 h, independent extremes are separated by a time span equal to or greater than the aggregation time. The ranked extremes represent quantiles x(L/i) with empirical recurrence intervals L/i, where i is the rank number (1 for the highest). The full series thereafter is divided in subperiods with fixed length L b , moving from the first to the last subperiod with a moving step of 1 year. When the quantiles present in each subperiod are denoted x b (L b /i b ), where i b is the rank number (1 for the highest in the subperiod), the anomaly percentage of each of these quantiles is calculated by 100 * (
one of the L/i recurrence intervals, the closest L/i is considered. The anomaly percentages for all empirical recurrence intervals above the considered threshold are then averaged to obtain the mean anomaly per subperiod. It is plotted at the central time moment of the subperiod. Results are hereafter shown for subperiods sliding with a 1 year step, hence representing the temporal variability in extreme quantile anomalies. An anomaly of 10 % plotted for a given year means that extreme quantiles in the subperiod centred on this year are on average 10 % higher in comparison with the quantiles derived from the full available series (anomaly 0). By analyzing the subperiods, (multi)decadal variability is isolated from higher frequency fluctuations such as interannual variability.
Test of significance
To test the significance of the anomalies in extreme quantiles, 95 % confidence intervals on the anomaly percentages are calculated under the hypothesis of randomness (no trend, no serial dependence or persistence) of the extremes. When the empirical anomalies go beyond these confidence intervals, the non-persistence hypothesis can be rejected. The 95 % confidence intervals are calculated as follows. An empirical or theoretical distribution is derived for the extremes extracted from the full historical series. From this extreme value distribution, 1,000 random samples (of same size as the historical extremes) are generated. For each random sample, the anomaly calculation is repeated, leading to 1,000 anomaly values for each year of the historical series. After ranking of the 1,000 values, the 25th and 975th sample values define the 95 % confidence intervals for each particular year.
For the Uccle precipitation series, a two-component exponential distribution is applied as extreme value distribution. This is done following the method proposed and evaluated in Willems (2000) and Willems (2013) . Results of the significance testing based on that theoretical distribution versus resampling to derive confidence intervals based on the empirical frequency distribution did not show much difference in the identification of significant anomalies. For that reason, empirical frequency distributions were applied for the other data series considered in this study.
Results
Multidecadal oscillations in precipitation extremes
Figures 1 and 2 show the anomalies in extreme precipitation quantiles based on the unique 10-minute series of 108-years precipitation intensities since 1898. Same instrument recorded the series during the entire period and the series was thoroughly quality checked (Demarée 2003) . The series thus is not affected by measurement inhomogeneities due to instrumental differences. The relevant time scales considered in the analysis are the ones that explain floods along rivers and in urban drainage systems. They correspond with the systems' response time to precipitation, and range from hours to months for rivers, and from 10 min to a few hours for urban drainage systems (Chow et al. 1988) .
Oscillations are observed in the Uccle series with higher extreme precipitation quantiles in periods around the 1910s, 1950-1960s and recently during the past 20 years ( Fig. 1 ). This clustering of extremes is similar for both the winter and summer seasons. Lower extreme precipitation quantiles are observed in the 1930-1940s and the 1970s. During the past century, multidecadal oscillation highs occurred with periods of 35 to 45 years ( Fig. 1) . A period with only 3 cycles is too short to draw statistically strong conclusions on this property, but results clearly indicate the presence of long-term temporal persistence in the precipitation extremes, with a cluster of precipitation extremes during the past 20 years. For the summer period (JJA: June-July-August), highest extreme precipitation quantiles are observed in the 1960s, slightly higher than the more recent ones from the past 20 years. These results suggest that the recent cluster of heavy rain storms is caused by hydrometeorologic conditions which are less or equally extreme than what was observed during the 1960s. Of course, in the mean time, land use strongly changed (e.g. urban areas expanded and sewerage systems were built at a large scale) such that hydrological effects nowadays strongly differ from the ones in the 1960s.
For the winter period (DJF: December-January-February), observations are different. 10 minute extreme precipitation quantiles during the past 20 years are about 25 % higher in comparison with the ones based on the full 108 years ( Fig. 1) , which is about 15 % higher than during previous cluster periods of the past century. This increase might be attributed to anthropogenic climate change, given that the change is in sign and order of magnitude consistent with the global warming impact predictions by regional climate models (Christensen and Christensen 2003; Lenderink et al. 2007; Min et al. 2011; Willems et al. 2012; IPCC 2007 IPCC , 2012 ); see Baguis et al. (2009 ), Willems and Vrac (2011 ) and Willems (2013 for the particular impact results on precipitation extremes at Uccle. The analysis of this attribution is, however, beyond the scope of this article.
The high positive anomalies in extreme precipitation quantiles in the 1910s, 1950-1960s and 1990s-2000s and the low negative anomalies in the 1930s-1940s and 1970s are significant at the 5 % significance level (Fig. 2) . The anomalies encompass aspects of frequency (number of extremes) and amplitude (intensity) of the extremes. Results therefore were also separately analyzed for the mean precipitation intensity per extreme precipitation event and for the number of extreme precipitation events per subperiod (see Supplementary Information). It was found from that analysis that the temporal variability in mean intensity and in event frequency have similar patterns although the variability in the number of extremes explains larger part of the variability in the quantile anomaly. Similar observations were made by Gregersen et al. (2013) for hourly precipitation in Denmark, albeit for shorter series of 10-31 years length.
The procedure for calculation of the anomalies in extreme precipitation quantiles has been repeated for subperiods of 5, 10 and 15 years, for aggregation times of 10 min, 1 day and 1 month, and separately for summer (JJA) and winter (DJF) periods. Conclusions are consistent for all these subperiods, aggregation times and seasons (see Supplementary Information). Also when the mean recurrence interval, above which the values are considered extreme, is varied, conclusions remain consistent (see Supplementary Information).
Similar multidecadal oscillations in other climate and ocean datasets
The multidecadal oscillations identified for the Uccle precipitation series were compared with the results of similar analysis for the extreme quantiles of daily and monthly precipitation, temperature and cloud cover in central-western Europe (see Supplementary  Information) , some of longer length than the Uccle precipitation series. They indicate that multidecadal oscillations with irregular periodicities in the range 30-60 years were present also in previous centuries. Oscillations with periods of 50 to 100 years (Delworth and Mann 2000; Enfield et al. 2001; Grosfeld et al. 2007 ) were also observed before, but for SST and SLP reconstructions in the North Atlantic. Based on paleoclimate data, these oscillations seem to hold for the last millennium (Grosfeld et al. 2007 ). Based on temperature reconstructions for France since 1370 (Yiou and Masson-Delmotte 2005) , multidecadal oscillation peaks appear at similar periods as the ones derived here for Uccle. The oscillations in precipitation extremes are reflected in river discharge series, as is shown in the example of the Meuse river in Fig. 3 . The analysis also has been repeated for daily precipitation series of 724 other meteorological stations in Europe and the Middle East. They were obtained from the ECA&D database (Klein Tank et al. 2002) , and have lengths of 40 years or more in common with the Uccle precipitation series. The series have undergone routine quality control procedures by the supplying institutes (Klein Tank et al. 2002) . Of the 724 stations, 26 stations had all years of the full available Uccle precipitation series in common, 55 stations more than 90 years, 134 stations more than 60 years. When spatial correlations are calculated between the anomalies in extreme daily precipitation between Uccle and all ECA&D precipitation series, positive correlations are found with stations in central-western Europe, and anti-correlations with stations in southwestern and northern Europe (Fig. 4) . The Supplementary Information shows based on a t-test that most significant correlations are found for stations with positive correlations close to Uccle.
Examples of comparisons of the anomalies in daily precipitation extremes between Uccle and other stations in Europe are given in Fig. 5 . These examples can be seen as "typical" for In central France and Switzerland, the oscillation peaks are shifted to earlier years. For southwestern Europe, the time shifts are stronger, leading to anticorrelations in the multidecadal extreme precipitation oscillations. Another illustration of this anticorrelation is provided in Fig. 6 , which compares monthly precipitation extremes between Uccle and Bologna. The anti-correlation can be explained by spatial dependencies of the atmospheric regimes (see section 4). The precipitation oscillation lows for Uccle and precipitation oscillation highs for Bologna, for instance, match with periods with more days of blocking regime over Scandinavia.
Discussion: links with large-scale circulation
Several studies identified links between the North Atlantic climate, atmospheric circulation or SLP/SAP patterns, the North Atlantic Oscillation (NAO) index (Hurrell 1995; Jones et al. 1997 ) and the North Atlantic SST, as reflected by the AMO (Atlantic Multidecadal Oscillation) index (Mann et al. 1995; Goldenberg et al. 2001) . We therefore applied our quantile perturbation analysis technique also to SLP series across Europe and the North Atlantic, and to the number of days with given weather regimes (available for the UK, following the Lamb's daily synoptic index; Lamb 1972; Hulme and Barrow 1997) and to the AMO index (Fig. 7) . It is found that the oscillation highs in the 1910s, 1950-1960s and 1990s-2000s When a modified index is introduced based on SLP differences between the Azores and Scandinavia, the multidecadal oscillations in this index appear more similar than is the case for the NAO index (Fig. 7) . The modified index is hereafter called Azores-Scandinavia Oscillation (ASO) index and is calculated in two versions based on the SLP differences between Gibraltar and Haparanda (Sweden), or between Gibraltar and Vestervig (Denmark). The correlation coefficient between the monthly quantile anomalies based on the NAO index and the monthly precipitation quantile anomalies at Uccle, shown in Fig. 7 , equals 0.12. This coefficient increases to 0.30 when the NAO index is replaced by the ASO index based on Vestervig. It further increases to 0.52 when a phase shift of 6-7 years is applied. The t-test shows that the one-sided p-value for a zero correlation hypothesis is 11.6 % in the latter case.
The north-south pressure-based dipole anomaly between the Azores and Scandinavia, as reflected by the ASO index, is indeed strongly related with the direction and strength of the geostrophic wind over the eastern North Atlantic and northwestern Europe (zonal circulation) (Grosfeld et al. 2007; Luterbacher et al. 2004; Deser and Blackmon 1993; Yiou and MassonDelmotte 2005) . During positive phases of the ASO, enhanced cyclonic flow over Scandinavia brings warm and wet oceanic air over northwestern Europe (the so-called westerlies). This is also reflected in the temporal increase of the AMO index in these periods (Fig. 7) . During negative phases of the ASO, wet air is brought over southwestern Europe, while the climate is dry over north-and central-western Europe. These negative phases of the ASO correspond with high SLP anomalies over Scandinavia (Scandinavian blocking regime). Yiou and Nogaj (2004) have shown earlier that this blocking regime over Scandinavia is correlated with dry winter episodes in northwestern Europe and wet episodes in southern Europe. This is for the DJF season confirmed in Fig. 7 . For summer (JJA), precipitation extremes are less explained by this SLP dipole anomaly (the ASO index) but by the occurrence of cyclonic weather and low SLP above Belgium-The Netherlands-UK-northern France and high SLP above southern Europe (not shown). Also this is confirmed when the multidecadal oscillations are studied. 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 Anomaly [%] AMO index more westerlies more easterlies more westerlies Oscillation lows and highs of precipitation extremes at Uccle are in those seasons caused by similar multidecadal fluctuations in low SLP above that region (Fig. 8) . It is expected that for other regions in Europe the multidecadal oscillations in the occurrence of precipitation extremes can be explained by similar but region specific dependencies with atmospheric circulation and its temporal persistence. It is moreover expected that the spatial dependencies in atmospheric circulation explain the (anti-)correlations of the precipitation oscillations across Europe.
Despite the conclusions drawn based on Fig. 7 that the precipitation oscillations over western Europe have a stronger link with the ASO index than with the NAO index, links with the NAO index are existent. NAO index, which reflects the SLP north-south dipole anomaly in the North Atlantic Ocean, was in positive phases during the precipitation oscillation highs of the 1910s and 1990s. During the 1950-1960s oscillation high, the NAO index was not in a positive phase (it rather went in a negative phase about a decade later), while the ASO index was positive in that period. For the 1910s and 1990s-2000s oscillation highs, both the NAO Fig. 7 Comparison of anomalies based on quantiles of the monthly ASO index, which represents the SLP difference between Gibraltar (The Azores) and Haparanda (Sweden), and between Gibraltar and Vestervig (Denmark) (ECA&D database), with the anomalies in quantiles of monthly precipitation at Uccle (top figure) ; with the anomalies based on quantiles of monthly SLP at Haparanda (Sweden) (second figure), Reykjavik (Iceland) and Gibraltar (third figure) ; and with the anomalies based on quantiles of the monthly number of days with westerlies and easterlies in the UK following Lamb's synoptic index (fourth figure) ; and with the anomalies based on quantiles of the monthly AMO index (bottom figure) ; for 15-years subperiods and all months in DJF 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 SLP anomaly [%] SLP-Aachen(Germany) SLP-Bamberg(Germany) SLP-Maastricht(Netherlands) Fig. 8 Comparison of anomalies in quantiles of monthly precipitation at Uccle (top figure), with the anomalies based on the quantiles of monthly SLP at Aachen and Bamberg (Germany) and Maastricht (The Netherlands) (bottom figure), for 15-years subperiods and all months in JJA and ASO indices were in positive phase, where for the 1990s-2000s the ASO index was much higher in comparison with the NAO index.
Conclusion
The temporal clustering of rainfall extremes has long been a blurred phenomenon to researchers concerned with investigating temporal variability of rainfall intensities. Based on a technique for the identification and analysis of changes in extremes, this paper affirms that rainfall extremes in Europe have oscillatory behaviour at multidecadal time scales. Moreover, it is shown that the recent upward trend in these extremes is for central-western Europe partly related to a positive phase of this oscillation.
The analysis started based on a worldwide unique dataset of 108 years of 10-minute rainfall intensities at Uccle (Brussels). We also checked the consistency of the findings with long(er), but less resolute records of daily and monthly precipitation, cloud cover, temperature and river flow in neighbouring regions of northwestern Europe. The past 100 years showed for Brussels and neighbouring regions higher rainfall quantiles for the 1910s, the 1950-1960s, and more recently during both winter and summer of the past 20 years. These conclusions were found consistent for all time scales varying from 10 min to the monthly scale. The increase/decrease in rainfall quantiles was due to an increase/decrease in the number of extreme precipitation events and by higher/lower precipitation intensity per event, where the first factor was found most important. The increases were found statistically significant at the 5 % confidence level, and were found to be partly explained by persistence in atmospheric circulation patterns over the North Atlantic during periods of 10 to 15 years.
After calculating multidecadal oscillations in SLP data, we could show that for the winter (DJF) season the multidecadal oscillations in precipitation extremes coincide with anomalous periods for the pressure difference between the Azores and Scandinavia (ASO index), and with the number of days with westerlies/easterlies. This dependence should be explained by SLP/atmospheric circulation/climate links. For summer (JJA), the multidecadal oscillation highs in precipitation extremes coincide for Uccle with periods where cyclonic weather types (low SAP) occur more often.
The multidecadal climate oscillations in western Europe and regions of the North Atlantic (North America and North Africa) (Enfield et al. 2001; Sutton and Hodson 2005) thus appear related to fluctuations in atmospheric circulation patterns, which persist over periods of 10 to 15 years. Research presented in this study shows that these oscillation patterns played a prominent role in explaining some of the general increasing trend in precipitation extremes during the past 20 years. This is the case for the DJF precipitation extremes at Uccle, Belgium, and other stations in central-western Europe such as The Netherlands, Denmark and the south of Norway. Even a decreasing trend (for the next decade) might have been initiated for that region. The research also showed anti-correlations between central-western and southern Europe. It would be worth studying whether these oscillations and correlations can also be found in river flow series. Similar north-south differences as found in this study (Figs. 4 and 5) can be noted in the study by Stahl et al. (2010 Stahl et al. ( , 2012 and Hannaford et al. (2012) on recent river flow trends across Europe.
The driving forces of the climate oscillations are unknown to date. They might be the result of complex interactions between the atmosphere, the oceans, the sea ice, etc., with lag times due to the characteristic time scales of these different components, additionally or potentially primarily driven by solar activity. Research to find these key drivers is a key to improve our understanding of climate change, including both variability and trends.
